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Abstract 
Recently, data have emerged indicating that not only high food carbon:phosphorus (C:P) ratio but also low food C:P 
(P-rich food) can have negative effects on the growth of consumers. The shape of this “stoichiometric knife edge,” 
however, is not yet well-documented, and the mechanisms underpinning it are not understood. Here we report the 
results of experiments using 3 species of Daphnia (D. magna, D. pulicaria, D. pulex) consuming the green alga 
Scenedesmus acutus with widely varying C:P ratios (from <50 to >1500 by atoms). The experiments were designed to 
(1) characterize the potential stoichiometric knife edge for each species, and (2) evaluate potential changes in feeding 
and respiration rates that may underpin the unimodal response to food C:P. All 3 Daphnia species grew more slowly 
when food C:P (atomic) exceeded ~250–300 but also when C:P was <120. Both high and low C:P foods were 
associated with increased respiration rates, indicating that the negative effects of food C:P imbalance at least partially 
involve increased metabolic costs of dealing with stoichiometrically imbalanced food. Feeding rate experiments 
indicated that, in contrast with limited previous data, animals generally increased their feeding rate on P-rich food. 
Overall, the “lower threshold elemental ratio” we identify here (~120) is surprisingly high, in an ecologically 
meaningful range, suggesting that negative effects of excessive food P content may play an under-recognized role in 
affecting Daphnia performance in P-rich lakes with low seston C:P ratio. Such effects also need to be incorporated into 
stoichiometrically explicit models of planktonic trophic interactions.
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Introduction
Food quality is a key aspect regulating consumer growth 
and population dynamics in aquatic food webs (Sterner 
and Hessen 1994, DeMott and Muller-Navarra 1997, 
Gulati and DeMott 1997) and also has a major influence 
on associated processes such as consumer-driven nutrient 
recycling (Elser and Urabe 1999). Although food quality 
has many dimensions, including digestibility (Van Donk 
and Hessen 1995, Van Donk et al. 1997, DeMott and Van 
Donk 2013), content of toxins (DeMott et al. 1991), and 
deficiencies of essential biochemicals such as sterols (Von 
Elert et al. 2003), the content of key chemical elements, 
especially phosphorus (P), has received considerable 
recent attention (Hessen et al. 2013). A variety of studies 
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have shown that when carbon:phosphorus (C:P) food 
ratios increase above a critical level (the threshold 
elemental ratio, or TER; Urabe and Watanabe 1992), 
animal growth and reproduction are impaired, with conse-
quences for population dynamics (Urabe et al. 2002a, 
Andersen et al. 2004), community structure (DeMott and 
Gulati 1999, Urabe et al. 2002b), trophic cascades (Elser 
et al. 1998), and microevolution (Elser et al. 2000a, 
Jeyasingh and Weider 2005, Weider et al. 2005). As a 
result of this accumulating work, high C:P ratio food is 
generally recognized as “poor quality,” and this 
perspective forms a key component of stoichiometric 
approaches to trophic interactions and food web dynamics 
(Sterner and Elser 2002). 
But what about food with a low C:P ratio? Most 
thinking about effects of food C:nutrient ratios in the 
context of food quality considers only the implications of 
excessively low food nutrient content and assumes 
negligible effects when food contains key nutrients such as 
P beyond the needs of growth (Urabe and Watanabe 1992, 
chapter 5 in Sterner and Elser 2002). A number of recent 
studies suggest, however, that food is poor quality for a 
consumer not only when it is stoichiometrically imbalanced 
due to high C:nutrient ratio but also when C:nutrient ratios 
are low. Plath and Boersma (2001) examined growth and 
feeding rates of Daphnia magna consuming the green alga 
Scenedesmus acutus across a broad range of algal C:P ratios 
from ~700 to <90. They observed the expected reduction of 
growth rate for high food C:P but also noted a strongly 
reduced growth rate when food C:P was <100.  Boersma 
and Elser (2006) integrated these observations with similar 
studies from other taxa, showing similar “hump-shaped” 
performance curves in response to food P content in a 
variety of aquatic consumers, including mayflies, snails, 
and fish. Subsequently, such unimodal responses have also 
been demonstrated for zebra mussels (Dreissena 
polymorpha; Morehouse et al. 2012), the omnivorous 
calanoid copepod Mixodiaptomus lacinatus (Bullejos et al. 
2014), and even the predatory copepod Parabroteas sarsi 
(Laspoumaderes et al. 2015). 
Although the occurrence of this “stoichiometric knife 
edge” seems to be widespread and repeatable, little is 
known about the mechanisms responsible for the arguably 
surprising negative effect of high dietary P on consumer 
growth. Plath and Boersma (2001) showed that D. magna 
individuals greatly reduced their feeding rates as food C:P 
ratios declined, eventually feeding so slowly that they 
could no longer meet the C demands for growth. The 
generality of this apparently maladaptive response is 
largely unexplored. Another possible mechanism for 
decreased growth rate at low food C:P ratios is a penalty 
due to higher metabolic rates associated with excretion or 
detoxification of excess dietary P (Plath and Boersma 
2001); however, changes in animal respiration rates have 
not yet been assessed for animals suffering a growth 
penalty due to excessively P-rich food. 
To address these knowledge gaps, we performed an 
extended series of food quality manipulations involving 3 
species of Daphnia (D. magna, D. pulicaria, and D. pulex) 
feeding on the green alga Scenedesmus acutus, manipulated 
to have C:P ratios across an extremely broad range, from 
>1500:1 to <50:1 (atomic), but focusing especially on the 
low range of food C:P and attempting to evaluate potential 
contributing mechanisms by measuring feeding and 
respiration rates. The stoichiometric knife edge hypothesis 
predicts declining growth rates of Daphnia as food C:P 
ratios are brought to low levels. Assuming that such a 
response is observed, potential contributing mechanisms to 
reduced growth at low food C:P include changes in feeding 
and respiration rates. More specifically, if this hypothesis is 
true, higher respiration and/or lower feeding rates are 
expected to be observed for slow-growing Daphnia feeding 
on low C:P food. The absence of such responses might 
implicate direct toxic effects of high P on animal 
metabolism as the cause of reduced growth. 
Methods
Chemostats and food preparation
Stock cultures of Scenedesmus acutus were grown in 
chemostats in COMBO growth medium (Kilham et al. 
1998). Nutrient-sufficient cultures with moderate nutrient 
levels (1000 µmol L−1 N and 50 µmol L−1 P, atomic N:P 
ratio 20; hereafter, MON cultures) maintained an average 
atomic C:P ratio of ~80. Outflow from MON cultures was 
used to inoculate chemostats with P-limited medium (500 
µmol L−1 N and 5 µmol L−1 P, N:P 100; hereafter, LOP 
cultures); these cultures generally maintained algal C:P 
ratios of 800–1200 (atomic). Flow rates of the MON and 
LOP chemostats were maintained at ~1.0 and 0.12 d−1, 
respectively, and grown at room temperature (~23 °C) 
with light intensity of ~150 uE m−2 s−1. Algal C and P con-
centrations in MON and LOP cultures were measured 
regularly on filtered and dried outflow samples using a 
modified persulfate digestion followed by ascorbic acid 
determination method (APHA 2005). All cultures were 
monitored daily for stable growth rate using spectrophoto-
metric readings at 750 and 664 nm. Carbon concentration 
(mg L−1) was estimated from the absorbance readings 
using a regression based on the results of C analyses using 
a Perkin-Elmer model 2400 CHN analyzer.
Food treatments across a range of 5–6 target C:P con-
centrations were prepared by diluting LOP outflow of a 
known C:P value in COMBO base media to a target C 
concentration of 1.5 mg L−1 and then adding P spikes of 
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the appropriate magnitude using 500 uM P stock solution. 
The P spike to achieve a target C:P ratio for each treatment 
was calculated based on the observed biomass and C:P 
ratio of the LOP algae, assuming that all added phosphate 
(PO4) would be assimilated by the cells during the 
subsequent pre-incubation period. Because the initial C:P 
ratio of the LOP algae changed somewhat from 
experiment to experiment, so did the specific target C:P 
ratios imposed in each experiment. In each experiment, 
however, we sought to reduce food C:P ratio in the lowest 
target to <50 (although this was not achieved; the lowest 
C:P ratio we achieved was ~60) and to have at least 2 
target C:P ratios <100. For the pre-incubation, all 
treatment suspensions were bubbled overnight in a dark 
incubator at 23 °C and then sampled for analysis of C and 
P. Pre-testing of food suspensions prepared following this 
method showed no residual P in the media after 24 h.
Daphnia culture
Daphnia pulex, D. pulicaria, and D. magna were maintained 
in the laboratory in modified COMBO media on a diet of 
MON Scenedesmus acutus. Gravid females were separated 
from the main culture in preparation for experimentation. 
Broods from isolated females were raised for one reproduc-
tive cycle. Offspring produced by the isolated broods were 
raised individually, and their first broods were used in the 
experiments. Neonates were collected between 24 and 48 h 
in age, imaged for growth measurements using a digital 
camera, and placed individually into 100 mL polyethylene 
vials with 50 mL of a P-spiked COMBO/LOP treatment. 
Animals were kept in the laboratory on a plankton wheel at 
room temperature (~22–24 °C). Treatments were refreshed 
daily by pipetting the animals out of the vials, replacing the 
media with newly prepared algae corresponding to the 
appropriate food treatment, and placing the animals into the 
fresh media. Incubations continued for 4–6 d, depending on 
the experiment. Individuals were rephotographed at the end 
of the growth period. 
Growth rate and respiration rate
To obtain a relationship between dry weight and body size 
for each species used in the experiments, 40–50 individuals 
representing a range of ages were imaged using a micro-
scope-mounted digital camera at ~25× magnification, dried 
at 60 °C for 24 h, and weighed on a microbalance. Images 
were analyzed using ImagePro software (Media 
Cybernetics, Inc., Rockville, MD, USA), and species-spe-
cific regression formulas were developed relating body 
area to dry weight. For the experiments, body area was 
measured individually for each animal in images taken at 
the beginning and end of the experimental growth period. 
Initial and final body masses were calculated using the pre-
determined regression formulas relating body area to dry 
mass. The specific growth rate for each animal was 
calculated as ln(s2/s1)/(t2 − t1), where s is the mass at 
beginning (s1) and end (s2) of the period (t2 − t1). 
Oxygen consumption by individual Daphnia was 
measured using a Unisense MicOx Microrespiration 
System and associated oxygen sensor calibrated prior to 
each experiment. To maintain a representative respiration 
rate during oxygen monitoring, the animals were kept in the 
appropriate treatment media. For each treatment, the 
baseline algal respiration rate was predetermined for a 
sample of algal food suspension from each individual vial. 
The sample was equilibrated in the dark for 10 min prior to 
the measurement.
Baseline algal samples and Daphnia with media were 
placed in specialized 800 uL vials fitted with the oxygen 
microsensor along with a miniature stir bar for constant 
gentle mixing. All baseline algal and individual Daphnia 
oxygen measurements were taken for 5 min following a 5 
min acclimation period. The entire procedure took place in 
reduced light to reduce effects of photosynthetic activity. 
Following the measurement period, each individual was 
dried and weighed on a microbalance. Respiration rates 
were calculated by the Microrespiration System software 
as the rate of change of O2 in solution. The rates were 
corrected by subtracting the baseline algal rate and then 
normalized to the mass of the individual animal. 
Multiple experiments evaluating effects of algal C:P 
ratio on growth and respiration rates were performed for 
each of the 3 species (Table 1). For each individual 
experiment, the effect of experimental treatment (target C:P 
ratio) on growth or respiration rate was tested using analysis 
of variance (ANOVA) with post hoc analysis (Tukey’s 
HSD). Results for all experiments were grouped by species 
to evaluate overall effects. For each species, food treatments 
were grouped into bins as P-rich (atomic C:P 40–120), 
moderate P (C:P 121–230), or low P (C:P 231–1100). 
ANOVA was used to evaluate differences among the 3 C:P 
treatment groups. Regression analysis was used to 
determine how within-species growth rates and respiration 
rates were related to algal C:P with data for all experiments 
combined. Linear and quadratic models were used in each 
case, and the Akaike information criterion (AIC) values 
were calculated to determine goodness-of-fit.
Carbon balance: feeding rate and gross growth 
efficiency
Scenedesmus acutus food treatments were modified for 
feeding rate experiments using 14C-labeled sodium 
bicarbonate. As with the growth and respiration 
experiments described earlier, P-limited (LOP) S. acutus 
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culture and PO4 spikes were used to create algae with 
widely varying C:P ratios and fed to Daphnia for 5 days. 
At the end of the growth period, 14C-labeled sodium 
bicarbonate (NaHCO3) was added to NaHCO3-free 
COMBO medium to final concentrations of 0.5 mg L−1 C, 
740 kBq 14C, and then algae from each C:P treatment were 
resuspended in the labeled medium to allow assimilation 
of 14C into the cells. 14C-labeled food treatments were 
incubated on a gentle shaker in the dark for ~16 h to 
assure uniform labeling of the algal cells. Experiments 
were performed using 3–4 replicates per food C:P 
treatment, with each replicate containing 3–5 animals. 
Animals were placed in 30 mL of the appropriate 
14C-labeled treatment and incubated on a plankton wheel 
for 5 min. Following feeding, the animals were 
immediately rinsed in fresh P-free COMBO medium and 
then anesthetized with carbonated water. Anesthetized 
animals were quickly photographed for growth rate meas-
urements and placed into 0.5 mL of Solvable solubilizing 
solution; 1 mL of each food treatment and 3 nontreated 
control animals were also solubilized in separate vials. 
Following 8 h of dissolution in a 60 °C oven, 5 mL of 
Optima Gold scintillation fluid was added to each vial. 
Sample radioactivity was determined using a 10 min cycle 
on a Beckman LS 6500 Liquid Scintillation Counter.
Specific growth rates were calculated for each 
individual, as described earlier, and used to estimate 
increment rates (i.e., the growth of the animal in terms of 
average daily carbon gain, g d−1). Filtering rates were 
determined based on the measured 14C activity in the 
animals and 14C activity per unit volume in the food 
suspensions. Rates were standardized for mass of the 
animal (mg C mg dry weight−1 d−1) and used to estimate 
average daily C ingestion rate (g d−1). Gross growth effi-
ciencies (GGE) were then calculated by dividing the 
increment rate by the ingestion rate. ANOVA with post 
hoc analysis was used to test for food C:P treatment effects 
on growth rate, filtering rate, and GGE. 
Results
Growth and respiration rates 
All 3 species showed consistent reductions in growth rate 
when food C:P was high as well as when it was low, with 
an inverse pattern for respiration rates (Fig. 1, Table 2). 
For Daphnia magna, overall responses to high C:P food 
were relatively strong, but reductions at low C:P were 
comparatively modest (Fig. 1a inset). Nevertheless, post 
hoc tests of the binned data did indicate that growth rates 
in the moderate C:P category were greater than those in 
the low C:P category as well as in the high C:P category 
(Table 2), whereas linear regression with a unimodal 
quadratic term function provided a better fit to the data 
according to AIC (Fig. 1a, Table 2). Among the individual 
experiments, Experiment A provided statistically 
significant evidence for a stoichiometric knife edge 
response (low C:P treatments and high C:P treatments less 
than moderate C:P treatments), but in the other 
experiments, only high C:P treatments were significantly 
different than the other treatments (Table 2). Responses of 
respiration rate for D. magna were generally the inverse of 
those for growth rate; respiration rates were significantly 
higher for both low C:P and high C:P categories relative to 
the moderate C:P category, and a U-shaped quadratic 
function was a better fit to the overall data (Fig. 1b, Table 
2). A pattern of elevated respiration with imbalanced C:P 
ratio was confirmed in the individual experiments as well; 
respiration rate was significantly higher in low C:P 
treatments in all 3 of the respiration experiments and was 
significantly elevated in high C:P treatments in 
Experiment J (Table 2).
Relative to D. magna, D. pulicaria responded 
somewhat more strongly to both low and high C:P food 
(Fig. 1c inset). Post hoc analyses of the binned data 
supported the existence of a stoichiometric knife edge for 
D. pulicaria; growth rates in both low and high C:P 
Table 1. List of the individual laboratory experiments testing effects of both low and high food C:P ratio on performance of the 3 Daphnia 
species. Response variables measured in each of the experiments are indicated.
Experiment Species Date Growth? Respiration? Feeding? 
A D. magna Feb 2013 Yes Yes No
B D. magna Mar 2013 Yes Yes No
C D. pulicaria Apr 2013 Yes Yes No
D D. pulex Jul 2013 Yes Yes No
E D. pulicaria Nov 2013 Yes Yes No
F D. pulicaria May 2014 Yes No Yes
G D. pulex Sep 2014 Yes No Yes
H D. pulex Sep 2014 Yes Yes No
I D. magna Sep 2014 Yes No Yes
J D. magna Sep 2014 Yes Yes No
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categories were significantly lower than in the moderate 
C:P category, and the unimodal quadratic regression 
provided improved fit to the aggregated data across all 
experiments (Table 2). At the level of individual 
experiments, each of the 3 experiments revealed responses 
in which the low C:P treatments had lower growth rates 
than moderate C:P treatments, although the high C:P 
treatments were significantly lower than the low C:P 
treatments in Experiments G and H (Table 2). For D. 
magna, respiration rates in D. pulicaria were the inverse 
of growth rate in response to food C:P ratio; respiration 
rates were significantly higher in both low and high C:P 
treatments (Fig. 1d inset), and a U-shaped quadratic 
function provided a good fit to the overall data (Fig. 1d, 
Fig. 1. Responses of specific growth rate and respiration rate to biomass C:P ratio of Scenedesmus for (a and b) Daphnia magna, (c and d) 
Daphnia pulex, and (e and f) Daphnia pulicaria. The main plots show combined data for all experiments, and each data point represents an 
individual animal. The lines indicate fitted regressions using a quadratic model. The insets indicate results from categorical analysis of the data 
in which data were binned into low C:P, moderate C:P, and high C:P categories; error bars indicate ±1 standard error. Summaries of the 
statistical analyses of these data are given in Table 2.
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Table 2). At the level of individual experiments, a 
U-shaped respiration response was most evident in 
Experiment H; respiration rates in the moderate C:P 
treatments were significantly lower than those in both the 
low and high C:P treatments (Table 2).
Responses of Daphnia pulex to the broad range of food 
C:P ratios imposed were similar to those observed for D. 
pulicaria. Again, growth rate was highest for moderate 
C:P ratio treatments (Fig. 1e inset); however, in this case, 
linear regression with a quadratic term did not result in an 
improved model fit to the entire dataset for this species 
(according to AIC; Table 2). Nevertheless, individual 
experiments consistently produced signs of the stoichio-
metric knife edge; growth rates were significantly higher 
in moderate C:P ratio treatments relative to both high and 
low C:P treatments in Experiments F, C, and E (Table 2). 
Respiration rates were highest for animals raised on foods 
in the low C:P category (Fig. 1f inset), even higher than 
rates in the high C:P category (Table 2). Linear regressions 
applied to the whole dataset for D. pulicaria were not sta-
tistically significant (p > 0.12), although a model with 
quadratic term was a somewhat better fit (Table 2). Never-
theless, individual experiments did show significant 
patterns; in Experiments C and E, respiration rates were 
lowest for moderate C:P ratios and significantly highest 
for low C:P food (Table 2).
Carbon balance studies: feeding rates and 
growth efficiencies
All 3 species showed patterns in which feeding rates had a 
U-shaped pattern as a function of food C:P ratio (Fig. 
2a–c). Because growth rate was generally hump-shaped 
(Fig. 2a–c), organismal GGE was considerably higher at 
intermediate food C:P ratio for all 3 species (Fig. 2d–f). 
Feeding rate responded significantly (p < 0.05) to food 
C:P ratio in D. magna, with somewhat elevated feeding 
rate in the lowest C:P treatment but strongly elevated 
feeding rate in the highest C:P ratio treatment (Fig. 2a, 
Table 3). Thus, the strongly hump-shaped response of 
GGE for this species (Fig. 2d) reflected the strong 
response of growth rate (Fig. 2a) to food C:P ratio. 
D. pulex’s feeding rate responded strongly to food C:P 
ratio (Fig. 2b, Table 3), with feeding rates ~1.5 and 1.9 
times higher in the lowest and highest C:P ratio treatments, 
respectively, relative to feeding rate with food of interme-
diate C:P (103:1). Growth rate was also a unimodal 
function of food C:P in this experiment (Fig. 2b). The 
combination of the feeding rate and growth rate responses 
resulted in a pronounced hump-shaped response for 
growth efficiency (Fig. 2e; GGE for intermediate C:P ratio 
food was ~2.5 times higher for the 103:1 C:P ratio relative 
to the lowest and highest C:P foods (~0.65 vs. ~0.25).
Fig. 2. Responses of (top) specific growth rate (open circles) and feeding rate (closed circles) and (bottom) gross growth efficiency to food C:P 
ratio for (a and d) D. magna, (b and e) D. pulex, and (c and f) D. pulicaria in the feeding rate experiments. Error bars indicate ±SE. All 
responses of growth rate, feeding rate, and gross growth efficiency were stastically significant (p < 0.05). Results of post hoc tests comparing 
the individual treatments to each other are summarized in Table 3.
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(see review by Hessen and Anderson 2008), the impacts of 
low C:P ratio (P-rich food) have largely been ignored in 
food quality studies. The consistent impact of low C:P food 
on growth, feeding rate, respiration rate, and growth 
efficiency for these 3 species suggests that increased 
attention to this phenomenon is warranted; however, it is 
reasonable to inquire as to the ecological relevance of the 
low algal C:P ratios necessary to induce reduced 
performance in Daphnia. The initial observations of the 
stoichiometric knife edge by Plath and Boersma (2001) 
involved food with a low C:P ratio of <40:1 (atomic) 
unlikely to occur in nature; however, we consistently 
observed reductions in Daphnia performance with food 
C:P ratios less than ~100–120 (atomic). 
Seston C:P ratios in this range are not unusual. In a 
global assessment of seston stoichiometry (Sterner et al. 
2008), C:P observations <120 (atomic) contributed 17, 31, 
and 44% overall to compiled data from small lakes, large 
lakes, and coastal and offshore marine waters, respec-
tively. This finding suggests that consumption of food 
with C:P ratios in the range that resulted in reduced 
performance in our studies may be relatively common for 
filter-feeding zooplankton. Note, however, that our 
experiments involved physiologically uniform cells of a 
single species of green algae. Whether or not similar 
responses are observed for zooplankton processing natural 
seston composed of various phytoplankton species as well 
Feeding rate responses for D. pulicaria (Fig. 2c, Table 
3) were similar to those for D. magna, with a somewhat 
elevated feeding rate at the lowest food C:P ratio but a 
strongly elevated feeding rate for the highest food C:P ratio. 
Again, growth rate was a unimodal function of food C:P 
ratio (Fig. 2c), and thus growth efficiency had a maximum 
value (~0.5) at intermediate C:P (Fig. 2e), declining to 
~0.27 for low C:P food and ~0.11 for high C:P food. 
Discussion
Our results corroborate the existence of the postulated sto-
ichiometric knife edge observed for Daphnia magna (Plath 
and Boersma 2001) for 2 additional species of Daphnia 
and thus add to a list of aquatic consumer taxa whose 
performance is a unimodal function of food C:P ratio, a 
list that includes fish species, crustaceans, insects, and 
mollusks (see Introduction). Notably, performance 
responses with maxima at intermediate nutrient contents 
have also been described for nitrogen. For example, the 
locust Oedaleus asiaticus somewhat paradoxically prefers 
and performs best on food sources with low nitrogen 
(protein) content (Cease et al. 2012) with slow growth and 
development rates when food has high N:C 
(protein:carbohydrate) ratios. 
Although the effects of high food C:P ratio on Daphnia 
growth are well established due to extensive prior work 
Food C:P Treatment Growth Rate Feeding Rate GGE
D. magna (Exp I)
50
70 733 733 733
80 733 733 733
240
733 70, 80 70, 80 70, 80
D. pulex (Exp G)
60 80, 103, 207, 697 103 103
80 60, 103 103, 697 103
103 60, 80, 207, 697 60, 80, 207, 697 60, 80, 207, 697
207 60, 103 103, 697 103
697 60, 103 80, 103, 207 103
D. pulicaria (Exp F)
68 175, 310 107, 1108 107, 175, 310, 1108
107 175, 310 68, 1108 68, 1108
175 68, 107, 1108 1108 68, 1108
310 68, 107, 1108 1108 68, 1108
1108 175, 310 68, 107, 175, 310 68, 107, 175, 310
Table 3. Summary of post hoc tests comparing growth rate, feeding rate, and gross growth efficiency in the carbon balance experiments (Fig. 2). 
Treatments listed under the response variable columns are statistically different (p < 0.05) from the food C:P treat-ment in that corresponding row.
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as bacteria, protozoa, and detritus requires further investi-
gation. We also did not assess impacts of food C:P on 
Daphnia molting rates, an important mechanism involved 
in its stoichiometric homeostasis (He and Wang 2008) that 
may shed light on the impacts, or lack thereof, of low 
dietary C:P ratio. 
The relevance of these findings for other species of 
zooplankton also remains to be determined because our 
study involved only 3 species of Daphnia, a taxon 
relatively rich in P compared to most other groups of 
zooplankton (Sterner and Elser 2002). Using inverse 
reasoning based on the stoichiometric inference that, all 
else being equal, taxa with P-rich biomass are more 
sensitive to low P, high C:P food, Boersma and Elser 
(2006) speculated that taxa with relatively low body P 
(such as Bosmina or calanoid copepods) might be particu-
larly sensitive to high P, low C:P food. We are not aware 
of studies examining the effects of low C:P food on 
Bosmina, but Laspoumaderes et al. (2015) recently 
reported that development rates of the predatory calanoid 
copepod Parabroteas sarsi declined substantially when 
fed prey of increasing P content (from copepod adults of 
Boeckella gracilis [C:P ~150] to copepodids of Boeckella 
poppei [C:P ~100] to Daphnia commutata [C:P ~60]). 
Future studies comparing how P-rich food affects diverse 
zooplankton species with contrasting body C:P ratios are 
needed. 
Our data shed light on the mechanisms by which stoi-
chiometrically imbalanced food affects Daphnia growth. 
Plath and Boersma (2001) argued that Daphnia adjust 
their feeding rate to food P content. Because Daphnia 
normally experience low P seston due to widespread phy-
toplankton P limitation, they argued that Daphnia may be 
using a “decision rule” that leads them to feed until they 
meet their physiological P requirement, a rule that would 
normally allow them to also meet their energy require-
ments when food C:P ratio is relatively high. Increased 
feeding rate of Daphnia on high C:P food is predicted 
from stoichiometric optimization analyses (Suzuki-Ohno 
et al. 2012). Plath and Boersma’s reasoning helped them 
explain the continuous decline in the feeding rate of D. 
magna with increasing food P content and thus to explain 
low growth rate on the most P-rich food; feeding rate had 
declined to levels below which the animals could meet 
their metabolic C (energy) demand. This is an appealing 
hypothesis, but our data indicate that reduced Daphnia 
feeding rate on low C:P food is not a generalizable 
phenomenon. Instead, in all 3 species of Daphnia and 
including D. magna, we observed minimum feeding rates 
when food was stoichiometrically balanced (Fig. 2), and 
thus we documented increased feeding rates on P-rich 
food. The reasons for this discrepancy between our data 
for D. magna and those of Plath and Boersma (2001) 
require further investigation. One possible explanation for 
these discordant results is that large reductions in feeding 
rates only occur for foods with low C:P ratios; Plath and 
Boermsa (2001) achieved food C:P ratio <40 whereas our 
lowest food C:P ratios were ~60. 
Although lowered feeding rates on P-rich food do not 
seem to be a contributing mechanism for the observed 
reduction in growth rates in our experiments, we did find 
evidence supporting the hypothesis that lowered growth 
rates on P-rich food reflect elevated metabolic rates (Fig. 
1), possibly to meet energetic demands of P excretion and 
homeostasis. We also observed elevated respiration rates 
for Daphnia consuming high C:P food; such responses 
have been reported previously and generally interpreted as 
a means of disposing of “excess C” (DeMott et al. 1998, 
Darchambeau et al. 2003, Jensen and Hessen 2007, 
Hessen et al. 2013). Taken together, the consequences of 
these shifts in growth, feeding rate, and respiration were 
major changes in trophic conversion efficiency as a 
function of stoichiometric imbalance (Fig. 2d). Maximum 
gross growth efficiencies in our experiments (~0.5–0.6) 
are similar to those reported elsewhere (Urabe and 
Watanabe 1991, DeMott et al. 1998), and it is notable that 
lowering algal C:P ratios below optimal values produced 
nearly as large a reduction in GGE as did increasing C:P 
to high levels. Thus, conversion efficiency for this trophic 
interaction seems closely tuned to stoichiometric 
imbalance in either direction (Fig. 2d–f). 
Incorporating stoichiometric constraints and the effects 
of high C:P ratio into trophic dynamic models has been 
shown to have major impacts on predicted dynamics 
(Loladze et al. 2000, 2004, Muller et al. 2001, Andersen et 
al. 2004). Recently, Peace et al. (2013) introduced the 
negative effects of low food C:P ratio on consumers in a 
modified version of the LKE model (Loladze et al. 2000). 
Doing so created an equilibrium point at moderately high P 
levels with low zooplankton biomass, whose dynamics are 
limited by excess food P content. With further P in the 
system, this equilibrium was destabilized, resulting in 
grazer extinction. Whether this model outcome (determinis-
tic extinction of grazers under high P input) realistically 
predicts zooplankton dynamics during P-induced eutrophi-
cation requires further testing. The model developed by 
Peace et al. (2013) assumed the mechanism behind the stoi-
chiometric knife edge is a simple reduction in ingestion 
rate, following the data of Plath and Boersma (2001); 
however, this assumption is not supported by our data. We 
found evidence that P-rich food reduces growth rates due to 
increased metabolic costs. Modifications of the model that 
incorporate increased metabolic costs for P-rich foods 
rather than a reduction in ingestion rate may result in 
different dynamics. Considering our data, along with those 
of Plath and Boersma (2001), the mechanisms behind the 
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stoichiometric knife edge may reflect a combination of 
feeding behavior and metabolic costs. Further investigation 
of the discrepancies between these data and modeling 
efforts incorporating both contributing mechanisms may 
lead to further insight and improved predictions. 
Our results have potentially broad implications for 
views of predator–prey interactions and for predicting the 
impacts of changing nutrient supply conditions on 
ecosystem dynamics. For example, seston C:P ratios 
generally decline with lake eutrophication (Sterner et al. 
2008); thus, negative impacts of low seston C:P ratios 
may be an under-appreciated mechanism contributing to 
the deterioration of food web production during lake eu-
trophication. Our findings should also have relevance for 
marine and terrestrial ecosystems, where both autotrophic 
biomass stoichiometry and consumer stoichiometry also 
exhibit considerable variation (Elser and Hassett 1994, 
Elser et al. 2000b), and it is likely that low-P consumers 
frequently consume diets with P contents in excess of their 
physiological demands. Thus, we suggest that the stoichi-
ometric knife edge concept may provide a clearer view of 
trophic interactions not only in lakes but in a broad range 
of ecosystems. 
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